Gas chromatographic retention indices were evaluated for 505 frequently reported plant essential oil components using a large retention index database. Retention data are presented for three types of commonly used stationary phases: dimethyl silicone (nonpolar), dimethyl silicone with 5% phenyl groups (slightly polar), and polyethylene glycol (polar) stationary phases. The evaluations are based on the treatment of multiple measurements with the number of data records ranging from about 5 to 800 per compound. Data analysis was limited to temperature programmed conditions. The data reported include the average and median values of retention index with standard deviations and confidence intervals. V C 2011 by the U.S. Secretary of Commerce on behalf of the United States. All rights reserved.
Introduction
The practical applications of plant essential oils are very diverse. They are used for the production of food, drugs, perfumes, aromatherapy, and many other applications. [1] [2] [3] [4] The need for identification of essential oil components ranges from product quality control to basic research. The identification of unknown compounds remains a complex problem, in spite of great progress made in analytical techniques over the last several decades. 3, 5, 6 Gas chromatography (GC) and gas chromatography-mass spectrometry (GC/MS) techniques are commonly employed for the identification of essential oil components. 1, 3, 7, 8 Measurement of retention indices (RI) of chemical compounds and comparison with available retention data collections is the usual approach in the confirmation of compound identification. Retention data are more useful in combination with mass spectrometry, because the combination can provide a nearly unambiguous identification of isomers, which is difficult using mass spectra alone. Thus differences in the structures of branched alkyl substituents and cis/trans isomers, which normally do not result in significant mass spectral differences, can be identified with the use of retention data.
Gas chromatographic retention data are very attractive for applications due to the simplicity of the measurements, application, and interpretation. To some extent retention data are available at no additional cost or effort as a by-product of the use of chromatographic separation for mass spectrometry measurements. It is known that a large number of components of plant essential oils are common to many species. Adams 7 indicated that the ability to identify 500 compounds would enable one to identify more than 90% of the constituents of an essential oil of most species. Thus a relatively small and reliable RI data collection can substantially increase the identification effectiveness in the analysis of essential oil constituents.
The purpose of this communication is to evaluate retention indices for the most frequently reported components of essential oils using the retention data from the NIST data-collection. [9] [10] [11] [12] [13] A large body of gas chromatographic retention data exists for the compounds of essential oils, thus reliable values of RI data can be provided. The goal was to evaluate retention data for about 500 commonly identified components of essential oils. We undertake the analysis of data distributions of multiple (replicate) measurements to provide statistically justified RI values.
Retention indices also find applications in the characterization of selectivity of stationary phases, in structural analysis, and in studies of physico-chemical properties of analytes and stationary phases. 5, 14 Relationships between Kováts indices and thermodynamic properties are used for determination of vapor pressures, enthalpies, and entropies of adsorption and vaporization of different analytes. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Zabiegala et al. 29 employed retention indices for the estimation of the calibration constants of permeation passive samplers with polydimethylsiloxane membranes. RI is also used as an aid in the development of new medical and perfume formulations. 8, 30 The current status of retention data collections and of the development of computerized databases has been summarized by Babushok et al. 9 The collection and processing of gas chromatographic properties of chemical compounds began at NIST in the late 1990s with the aim of developing a comprehensive and evaluated database of retention indices. 9, 13 Currently the collection contains 346 757 data records for 70 839 compounds measured on nonpolar and polar stationary phases (a data record corresponds to a single RI measurement for chemical compound). Data were extracted from original papers, technical reports, conference proceedings, and Internet sources . The collection contains over 10 000 sources of gas chromatographic properties. The third release of the RI database is available as a part of NIST/EPA/NIH Mass Spectral database (June, 2011), 11 as well as on the Internet (NIST Chemistry WebBook). 12 The database allows one to study and evaluate retention index variability for different chemical compounds. This variability results from the differences in the column properties (brand, column size, etc.), differences in the conditions of measurements, and experimental errors.
Retention Indices
The retention index system suggested first by Kováts, 31 and its modification to temperature programming conditions, 5, 32 allows the results measured in one laboratory to be used in other laboratories. The retention index combines two fundamental gas chromatographic properties: the relative retention and the specific retention volume. 33 Figuratively speaking, Kováts 31 suggested a chemical ruler to characterize different chemical compounds on a specific time scale for identification purposes. According to Kováts, an analyte's index is its relative time position between the nearest n-alkanes which elute immediately before and after a target analyte. Isothermal Kováts retention indices are determined by the relationship, are adjusted retention times of the reference n-alkane hydrocarbons eluting immediately before and after compound "X," and t x is the adjusted retention time of compound "X." Linear indices (nonisothermal indices in accord with the definition of Van den Dool and Kratz 32 from temperature-programming measurements) are defined by the following:
where t n , t nþ1 , and t x are net retention times.
A large volume of retention data is available for essential oil compounds. Thus 1967 data records for limonene can be found in the last release of the NIST database. The observed RI data distributions are the result of several factors including small variations in stationary phase polarity, temperature conditions, and ratios between amounts of characterized analytes and reference compounds. 34 The observed data spread is also the result of errors in measurements and compound misidentification. 35 Discussion of retention data distributions can be found in Refs. 9, 10, 35, and 36.
Retention Data Presentation and Discussion
A list of the most frequently reported compounds was generated based on the number of data records available for different compounds in the NIST database. 9, 11, 12 At first, the list of compounds was determined based on the number of all available data records in the database. This list was adjusted in accord with the frequency of data reporting in the journals publishing the results of research related to the essential oils, such as "Journal of Essential Oil Research," "Flavor and Fragrance Journal," "Phytochemistry," and "Biochemical Systematics and Ecology." Additionally, we verified the presence of these compounds in the available collections of data for essential oil compounds. 6, 7, [37] [38] [39] As the result, the list of frequently reported components of essential oils was determined (Table 1) . We limited our analysis to the 505 commonly identified compounds. Only compounds with at least five data-records were included in the final list.
The following describes our procedure for the treatment of the retention data for these compounds. The data treatment was limited to the three commonly used nonpolar and polar stationary phases: dimethylsilicone stationary phase (OV-101, HP-1, DB-1, SE-30, etc.), dimethylsilicone phase with 5% phenyl groups (DB-5, SE-54, HP-5, Ultra-2, etc.), and polyethylene glycol stationary phase (polar phase, e.g., Carbowax 20M, Innowax, CP-Wax 52 CB). Another constraint was the use of RI data measured under temperature programmed conditions. In this work, we used an approach 35, 36 to RI data distribution analysis to extract the values of retention indices, corresponding to the conditions typically used for gas chromatographic measurements.
Prior to calculation of the data distribution characteristics, outlier RI values were deleted based on the data review. Data points separated by more than 10 iu (index units) from the main group of data, were not considered. Exceptions were cases with a small number of data records and compounds with large spans of retention values. For such cases data records were analyzed and decisions were made taking into account several factors such as the origin of the data, data consistency with other measurements, measurement conditions, procedure of identification, procedure of index determination, etc. Overall not more than 5% of data points were deleted as outliers.
The preparation of the NIST retention database (2005, 2008 , and 2011 releases) included a data review aimed at eliminating erroneous data. This data screening was mainly concentrated on the correct naming, structure presentation, data entry corrections, verification of experimental conditions, and consistency with retention data for other compounds including the elution order. 9, 11, 12 The data review additionally included a comparison of database RI values with the predicted retention indices using the procedure suggested by Stein et al., 10 and included the analysis of retention index distributions for compounds, where large data spans were found. As a result data found to be in error were deleted, and suspicious RI values were flagged. Thus, to some extent, the analyzed retention data were already selected as "reasonably sound" experimental RI values.
For each compound, the following values were determined: average and median values of retention indices, standard deviation, and confidence intervals (50% and 90% of RI data ranges). If the dataset of available measurements was less than 20 data-records, a range of retention indices was provided instead. Of course, the distributions of analyzed RI data do not represent strictly random data. The observed deviations from the average value are a combination of random and systematic errors, where the systematic deviations represent significant contributions. Where there was a problem with treatment of retention data (e.g., for distributions with two groups of data or with a large span of retention values), the range of available RI measurements was provided. In this work, all considered RI data-records were treated as equivalent data. Tables 2-4 contain the results of the determination of RI values for the most frequently reported components of essential oils. The following data are presented for each compound (Tables 1-5): -name of the compound, -CAS registry number, -molecular formula, -number of replicate measurements for compound, -median value, -average value, -standard deviation, -confidence intervals (50% and 90% range of RI data values), -comment.
Data are ordered in accord with the RI value (average value). Additionally, the cross-reference Table 1 contains the data ordered alphabetically by compound name. For compound naming, we employed mainly the commonly used names of constituents of essential oils. Most of these names correspond those used in publications. 7, 37, 38, 66 Additional descriptors (prefixes), such as cis-, trans-, exo-, endo-, epi, etc., are placed after the key chemical name. Table 1 contains also systematic names of components along with the CAS registry numbers and molecular formula. Other names (systematic names, synonyms, trade names), structures, and the original RI data with references can be found in the NIST/EPA/NIH MS database 11 and the NIST Chemistry WebBook. 12 There were a number of cases with different assignments of CAS registry numbers supposedly to the same compound. These differences mostly have two causes (not considering erroneously assigned CAS registry numbers). One common cause is the use of different conventions for compound naming. Thus, RI data for the same isomer of sabinene hydrate can be found labeled as cis-or trans-depending on the convention used. This naturally leads to some confusion in the data treatment. Second is the use of registry numbers corresponding to different enantiomers, or to the racemic mixture, or the use of the CAS number for an unknown isomer. Thus the same compound can sometimes be found under different CAS registry numbers. The retention characteristics of enantiomers are practically indistinguishable on the stationary phases considered in this article, and sometimes authors were not able to provide accurate identification using only GC-MS measurements (separation of enantiomers requires application of specially designed chiral stationary phases). For compounds where different registry numbers can be found in literature, we provided several registry numbers with the corresponding names ( Table 2 ).
An important gas-chromatographic characteristic of organic compounds is their elution order. It is a highly reproducible characteristic, and it is often used for the identification of isomers in mixtures. It is commonly regarded that for a given type of stationary phase, the elution order of compounds is a more accurate piece of retention data than the retention indices. For most of the compounds considered, the evaluated RI values are consistent with data 7 on the elution order (dimethylsilicone with 5% phenyl groups). The observed inconsistencies (in comparison with the data of Adams 7 ) are within the calculated error ranges. We did not analyze the available data for the elution order of essential oil components. We believe that much more work is required for the proper evaluation of elution order data. It is also of interest to consider optimization of retention index values through the analysis of available elution order data.
A large number of retention data sources were involved in the data evaluation (more than 3000). The work is based on the analysis of a very large set of data. We do not feel that this article is the place to provide all of the references for the retention data analyzed. The references of data sources are provided as the electronic supplementary material. 98 These
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can also be found in NIST/EPA/NIH-MS-database 11 and the NIST Chemistry WebBook.
12 Table 6 gives the average standard deviations and averaged  confidence intervals for the components of essential oils listed  in Tables 3-5 for three stationary phases. The averaged standard deviations are in the following order in accord with the phase used: polyethylene glycol > dimethylsilicone > dimethylsilicone with 5% phenyl groups. It is of interest that the obtained average confidence intervals are relatively narrow. Thus, approximately 50% of RI measurements could be found in the 6.7 iu range for typical constituents of essential oils, and 90% of measurements belong to 25.5 iu range for identifications made on dimethylsilicone phase with 5% phenyl groups. The calculated average standard deviations and confidence intervals can be considered as reasonable estimates for characterization of the RI variability of the common constituents of essential oils. These estimates can be used in automated identification procedures as constraints for removing falsepositive identifications (RI search windows).
A great advantage of chromatographic techniques is the ability to distinguish different diastereomers. The diastereomers are characterized by practically identical mass spectra, and the use of GC retention parameters is often the only practical method for the correct identification of such isomers. Unfortunately there are currently no theoretical methods for prediction of retention behavior of such diastereomers. The difficulties of identification can be seen for four (Z,E)-isomers of farnesol (3,7,11-trimethyldodeca-2,6,10-trien-1-ol). Table 7 contains a comparison of estimated retention data using the NIST database with the data listed in the two editions of Adams' book 7, 53 for the same isomers on nonpolar and slightly polar phases. As can be seen, the relative elution order of isomers obtained corresponds well to the elution order provided in the 2003 edition. 53 However, the 2007 edition 7 contains retention data significantly different from these estimates. Thus, the identification of farnesol isomers can formally be uncertain. In any case, authors should indicate the source of chromatographic information used for isomer assignments. Additionally, Table 7 includes the results of identification of farnesol isomers (elution order) made with the use of other analytical techniques and comparisons with authentic samples. [92] [93] [94] [95] [96] [97] Based on these data, we re-considered the results of our estimates and re-assigned the obtained retention indices in accord with the elution order of isomers observed in Refs. 92-97 (Table 4) , which is consistent with data. 7 Literature data show that RI values for low-polarity polar stationary phases (like dimethylsilicone phase with 5% phenyl groups) are usually slightly higher than the RI values for nonpolar phases (dimethylsilicone). The differences are within 5 iu to 30 iu depending on the polarity of analytes. However, it was observed that for several compounds the retention indices were approximately the same for both phases and sometimes larger RI values were observed for the dimethylsilicone phase. These compounds are marked in Table 1 . In general, the differences in RI values do not exceed the sum of their standard deviations for these stationary phases. These anomalies are possibly the result of measurement inaccuracies. Another cause of such behavior might be the influence of the polarity of analytes with the active hydrogen atoms in hydroxyl groups. Slight asymmetry of GC peaks on nonpolar phases with the shift of the maximums of the chromatographic peaks is observed for such compounds. The use of slightly polar stationary phases decreases the asymmetry of the peaks of polar compounds and their tailing. c-Elemene 40 were rounded to integer values. Shown RI data ranges correspond to RI measurements at two temperature programs. 40 (d) Observed RI values were close for dimethylsilicone and 5% phenylmethylsilicone stationary phases, or the retention index was higher for dimethylsilicone phase. (e) The correct identification of o-, m-, and p-cymenes presents certain difficulties. Inconsistencies in available literature retention data and elution order for these isomers were discussed by Collin et al. 41 Note that most of the researchers registered only one of the three isomers. The most frequently observed isomer is p-cymene. Data presented in Table 1 are largely based on the results of Collin et al., 41 and Romanenko et al. 42 Note that the observed elution order is in agreement with the correlation between boiling points and elution order of isomers. It is known that for isomers of the same homologous series the elution order on nonpolar stationary phases corresponds to the order of their boiling points. Thus the first eluted isomer should be meta-, and the last-ortho-isomer (m-cymene (448. 7 2007 edition contains the re-identification of these isomers. The re-identification is consistent with the results, [92] [93] [94] [95] [96] [97] where detailed analysis of farnesol isomers was conducted. We adopted these results for the reassignment of calculated retention indices. Table 3 . (c) See (c) in Table 3 . (d) Observed RI values were close for dimethylsilicone and 5%phenylme-thylsilicone stationary phases, or the retention index was higher for dimethylsilicone phase. (e) See (e) in Table 3 . (f) See (f) in Table 3 . (g) See (i) in Table 3 . 
Summary
In this work, we evaluated 505 retention indices for most frequently reported constituents of essential oils. Retention indices were evaluated for dimethylsilicone, dimethylsilicone with 5% of phenyl groups, and polyethylene glycol stationary phases and for temperature programming conditions (Tables 2-4 ). The data obtained cover approximately 70% to 90% of compounds typically identified in the essential oils. The data evaluation was based on the treatment of multiple measurements from the NIST GC-RI database. We analyzed data distributions of available RI measurements for components of essential oils. Particular attention was paid to cases where multimode behavior was observed. 35, 36 Evaluated retention indices correspond to typically used GC measurement conditions. Data presented include average and median values along with the evaluation of confidence intervals.
The use of retention data for analytical applications has several benefits. One of the main advantages is the possibility of identifying stereo-and geometrical isomers and removing false-positive identifications. Another useful application of evaluated indices is their use for calibration purposes. Compounds from the analyzed list (Table 1) can serve as reference compounds to derive retention indices of other components instead n-alkanes. Additionally, the use of elution order data is of interest for RI data control and improvements in accuracy of retention indices and their consistency.
The set of compounds considered represents possibly the best characterized components of essential oils in terms of GC retention index measurements. The evaluated data provide information on the variability of RI measurements and, to some extent, on the accuracy in the RI determinations. This information is of interest for different procedures of chemical compound identification using GC retention indices. The derived retention data can be used for comparison purposes and to further increase the accuracy of retention index measurements.
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